S urgical treatment of pediatric cranial base tumors such as craniopharyngiomas, chordomas, angiofibromas, pituitary adenomas, and Rathke's cleft cysts has been evolving from conventional open skull base approaches to novel, less invasive techniques like endoscopic endonasal surgery (EES). 5, 18, 19, 32, 41 For properly selected tumors, EES offers several advantages over traditional methods, including the sparing of disfiguring facial incisions and craniotomy. EES allows the surgeons to access the entire ventral skull base, from the crista galli to the upper cervical spine, with minimal postoperative complications. [15] [16] [17] The morbidity and mortality after pediatric skull base tumor resection has been reduced significantly with EES.
there is potential risk to neurovascular structures such as the internal carotid artery (ICA), anterior cerebral arteries, and cranial nerves (CNs) that cause temporary or permanent neurological deficits. 36 Neurological complications, including hemiparesis and cranial nerve palsies, can be predicted and prevented by utilizing real-time continuous intraoperative neurophysiological monitoring (IONM). [25] [26] [27] [35] [36] [37] [38] [39] IONM using somatosensory evoked potentials (SSEPs), 2 brainstem auditory evoked potentials (BAEPs), and electromyography (both free-run electromyography [EMG] and triggered EMG) 26, 27 have been valuable in conventional skull base surgeries. Similarly, the SSEP and BAEP values and free-run EMG of the CNs during EES for skull base tumors in adults have been previously described. [35] [36] [37] [38] [39] However, to our knowledge, sufficient data to establish the value of IONM in pediatric EES have not been published.
EES for pediatric skull base tumors poses unique challenges, including anatomical limitations, when compared with adults. For example, the size of the nasal aperture and limited pneumatization of the sinuses is likely to limit dissection in patients younger than 2 years. 33 Staged and repeat procedures are performed for bulky tumors 20, 23 and frequently recurring lesions like craniopharyngiomas, pituitary tumors, and chordomas. During staged procedures, the anatomical distortion caused by primary dissection can increase the risk of neurovascular injury in later stages. Similarly, there is an increased risk of neurovascular injury during repeat procedures because of scar tissue from previous surgery. 14 In the event of a vessel injury or highly vascular tumors, blood loss is poorly tolerated in children in comparison with adults. 42 Even with these significant risks, EES is associated with better quality of life, 1 which can have lasting importance in the pediatric population.
The aim of this study is to investigate the value of significant changes in IONM for predicting and/or preventing postoperative neurological deficit following EES for pediatric skull base tumors. This information will be very useful for optimizing the utilization of various intraoperative monitoring modalities in order to reduce the morbidity and mortality associated with EES for pediatric skull base tumors.
methods
We retrospectively reviewed all consecutive EES procedures performed in children at our institution between 1999 and 2013. In total, 129 patients younger than 18 years who underwent 159 procedures with IONM were identified. The inclusion criteria for the study were patients who underwent EES with IONM using at least 1 modality (BAEP, SSEP, and/or EMG); 2 patients who did not have documented postoperative neurological status were excluded. This study was approved by the local institutional review board for retrospective review of the clinical outcomes. The subsequent description of the neurophysiological monitoring techniques has been discussed in detail in earlier publications, [35] [36] [37] [38] [39] and a brief overview is given below.
The monitoring protocol was decided preoperatively based on the neurovascular structures at risk. Since the locations of the tumors in patients differed, different protocols were tailored for individual patients. EMG was used based on the surgeon's impression of the potential involvement during exposure or resection.
neurophysiological monitoring
Physician oversight and interpretation were performed using a combined on-site and remote model used by the University of Pittsburgh Medical Center. In all cases, a board-certified neurophysiologist was on-site and immediately available for interpretation and consultation, and physician (neurologist) oversight, supervision, and interpretation were performed in person or remotely. The overseeing physician provided supervision to 4 to 5 cases simultaneously on average, with a maximum of 8 cases. No special adaptations were required for pediatric cases.
BaeP
Baseline BAEP levels were obtained by stimulating both ears independently: left ear and right ear. Recordings were made continuously throughout the procedure by delivering a click stimulus to 1 ear, either the left ear or right ear, at an 85-dB hearing level at a stimulus rate of 17.5 Hz. White noise was applied to the contralateral ear at a 65-dB hearing level. The observation interval was 12 msec. Recording channels included Cz-A1, Cz-A2, and Cz-Cv2. Amplifier bypass was 100 Hz to 1 KHz for all channels. Baseline BAEP responses were obtained after the initiation of anesthesia, positioning of the patient, and in some cases before any major manipulations.
SSeP
After the induction of anesthesia and positioning of the patient, baseline SSEP responses were established, except in cases of basilar invagination or other severe brainstem or cervicomedullary compression, in which case baseline SSEP values were obtained prior to positioning. Upperand lower-extremity SSEP responses were continuously obtained throughout the procedure. Subdermal needle electrode pairs were used for stimulating the median or ulnar nerves bilaterally for the upper-extremity SSEPs and the tibial and peroneal nerves bilaterally for the lower-extremity SSEPs. Recordings were obtained from the scalp, cervical region, and Erb's point with subdermal electrodes. All electrodes were placed per the international 10-20 system. P4/Fz and P3/Fz scalp electrodes were used to record cortical potentials for upper-extremity SSEPs. An extra Pz/Fz channel was used for lower-extremity cortical SSEPs. A cervical electrode was localized at the C7 spinous process or mastoid and referenced to the scalp electrode Fz. Erb's point recordings were obtained using EPs and EPd electrodes that were placed close to the brachial plexus. Band-pass filters were set from 10 to 250 Hz for cortical recordings and 30 to 1000 Hz for cervical and Erb's point recordings. The stimulation frequency was 2.33 to 2.45 Hz with a duration of 0.2 to 0.3 msec. The averages were computed for either 128 or 256 trials, depending on the signal quality.
emg monitoring
Continuous free-run EMG activity was recorded using pairs of subdermal needle electrodes that were placed 1 cm apart in or near the muscle groups innervated by a CN. The sensitivity, time base, and bandwidth were established at 50 mV/division, 100 msec/division, and 3 Hz to 1 KHz for recording the responses. The details of the monitored CNs and muscle groups are shown in Table 1 . Triggered EMG was recorded from the appropriate CNs (Table 1) during the procedure using the same electrodes placed for free-run EMG recording. The CNs were stimulated using a constant-voltage monopolar stimulator with current intensity ranging from 0.2 to 2 V based on the amplitude of the response. The lowest current stimulation, which was used to obtain a response, was determined as the threshold. The monopolar stimulator was introduced separately outside the endoscope. A return electrode was placed to field. The sensitivity, time base, and bandwidth were established at 50 mV/division, 5 msec/division, and 3 Hz to 1 KHz for recording the triggered EMG responses.
alarm criteria
For BAEPs, persistent decreases in amplitude of more than 50% of wave V and/or a persistent absolute latency increase of the peak of wave V ≥ 0.5 msec were considered clinically significant. Changes in more than 2 consecutive averaged trials were considered "persistent changes." For SSEPs, a 10% increase in latency or 50% decrease in amplitude relative to baseline was considered clinically significant. 31, [35] [36] [37] Changes in more than 2 consecutive averaged trials were considered persistent changes. The absence of free-run EMG activity was considered baseline in each case. The detection of nerve manipulation, compression, stretch, and/or permanent injury was based on changes from the baseline recordings. Significant free-run EMG activity, when present for prolonged periods of time (≥ 100 msec) from a CN, was reported to the surgeons as 1 alert and was also recorded in the patient's records. 38, 39 Triggered EMG responses were obtained upon request using a constant-current stimulator. All negative and positive responses were communicated to the surgeons. When appropriate, the lowest possible current required to stimulate a nerve was obtained. Furthermore, we also attempted to obtain triggered EMG responses after tumor resection was completed.
medical records review
The medical records of the 129 patients were reviewed to determine if any new neurological deficits were present after the surgical procedure. The medical records were reviewed independently without knowledge of the IONM changes. Any new postoperative motor or sensory deficits were considered to be due to iatrogenic injuries. Deficits were classified as transient or permanent. Transient deficits had to have documented evidence in the medical records of complete improvement to baseline. Permanent deficits were defined as those that did not improve to baseline in subsequent follow-up visits (> 1 month).
data analysis
The means and standard deviations were calculated for the continuous variables, and ratios were calculated for categorical variables. We calculated the percentages to determine the distributions of the types of procedures, as well the postoperative pathological diagnoses. For the data analysis, the number of nerves monitored for each patient was calculated by considering unilateral as "1" and bilateral as "2" nerves monitored. Depending on the presence or absence of significant free-run EMG activity, data were divided into 2 groups and analyzed. Staged procedures and repeat procedures were identified and analyzed separately to determine the incidence of significant activity and CN deficits. To evaluate the diagnostic accuracy of significant free-run EMG activity, we calculated the prevalence of CN deficits and the sensitivity, specificity, and positive and negative predictive values. We further calculated the likelihood ratios in order to compare the probability of obtaining significant free-run EMG activity if the patient had a deficit to the probability of obtaining a significant free-run EMG activity if the patient was healthy. To evaluate the measure of uncertainty, we calculated the 95% confidence intervals.
results demographic data
The total number of children who underwent at least 1 IONM modality was 129, of whom 74% were male and 26% were female. Angiofibroma, pituitary adenoma, chordoma, and craniopharyngioma were the most common diagnoses. The most common surgical approaches were transsellar (32%) and transclival (29%), followed by transpterygoid (11%) and others. There were 16 planned staged procedures (in 14 patients) and 10 repeat procedures. Two patients underwent a repeat staged procedure. A detailed description of the demographic information is shown in Table 2 .
clinical Outcomes
The incidence of postoperative CN deficits was 9 (2.8%) of 321 CNs monitored. Of the 6 patients who had 9 CN deficits, 3 had a diagnosis of chordoma and 3 had juvenile nasopharyngeal angiofibroma (JNA). Four CN deficits were transient (1.2%) and 5 were permanent (1.5%). Two patients underwent staged procedures, 1 patient underwent a repeat procedure, and 1 patient underwent a staged procedure followed by a repeat procedure at a later date. The details of the clinical deficits are shown in Table  3 . No patient experienced quadriparesis, hemiparesis, or death after the procedure. There were no new postoperative vision deficits.
Free-Run EMG Activity and Neurological Deficits
Free-run EMG monitoring was performed in 62 (39%)
patients. The total number of CNs monitored in these cases was 321. Significant free-run EMG activity was observed in 55 (17%) nerves, and 266 (83%) nerves did not have significant free-run EMG activity. Five CN deficits were observed among the CNs with significant free-run EMG activity; 3 deficits were permanent and 2 were transient. Four CN deficits were observed among CNs without significant free-run EMG activity. All 4 of these deficits were in CN VI; 2 were transient and 2 were permanent. Seven CN deficits were observed in staged or revision EES, whereas 2 CN deficits were observed after the first stage of the procedure. The overall incidence of CN deficits was 2.8%. The incidence of CN deficits, when significant free-run EMG activity was observed, was 9% (3.6% were transient deficits and 5.4% were permanent deficits), and the incidence of CN deficits in the group without significant free-run EMG activity was 1.5% (0.75% were transient deficits and 0.75% were permanent deficits). The incidence of CN deficits in the group with only 1 staged EES was 1.5%, and the incidence of CN deficits in the group with a revision or staged procedure was 27%. An overview of significant EMG activity and CN deficits is detailed in Table 4 . In addition, we evaluated significant free-run EMG activity in patients who underwent staged or repeat procedures and those with nerve deficits (Table 5) .
Statistical Analysis of Significant Free-Run EMG Activity
The prevalence of CN deficits in staged procedures was 4.2%, which is higher than the prevalence of 2.8% in the first staged procedure for all CNs monitored (p = 0.35). Free-run EMG activity had a high specificity and negative predictive value for all procedures, and higher specificity for repeat procedures ( Table 6 ). The sensitivity of this study was low for all procedures. The likelihood of having a significant EMG activity was significantly higher in patients undergoing a staged or repeat procedure.
Triggered EMGs were recorded in 7 patients and 12 cranial nerves; we were able to obtain compound muscle action potential (CMAP) responses from all 12 CNs (Fig.  1) . No deficit was noted in those CNs without a significant change after tumor resection.
BaeP and SSeP
BAEP monitoring was performed in 16 (10%) patients, of whom 2 patients showed significant BAEP changes intraoperatively. One patient underwent a primarily transclival resection of JNA, and the other was a JNA that had a case example A 7-year-old boy presented with nasopharyngeal obstruction, headache, and diplopia from left CN VI palsy. MRI revealed a large clival lesion, consistent with chordoma, involving the left parapharyngeal and petrous ICA (Fig. 2) . A left cervical incision was made to isolate the ICA for proximal control. Intraoperatively, the left petrous ICA, just distal to foramen lacerum, was injured with a cutting rongeur. The site of bleeding was packed, and a vascular clip was placed on the cervical ICA with no change in SSEPs over 15 minutes. After removal of the packing, there was brisk back-bleeding from the distal stump of the injured ICA but still no change in the baseline SSEPs. Consequently, the ICA was sacrificed using endoscopic bipolar electrocautery.
The patient remained hemodynamically and electrophysiologically stable, and a decision was made to proceed with resection. Following resection, under continued SSEP monitoring, the patient was taken for endovascular evaluation and permanent occlusion of the ICA. Angiography showed an ipsilateral persistent trigeminal artery that filled the middle cerebral artery, and there was rapid cross-fill across the anterior communicating artery. As predicted by the IONM, the patient awoke without deficit. Postoperative MRI showed no diffusion-weighted imaging restriction and complete tumor removal, which was safely facilitated by IONM (Figs. 3 and 4) .
discussion
The wide variation in pathology in this series is shown in Table 2 . The most common pathologies were craniopharyngioma, chordoma, JNA, and Rathke's cleft cyst. While invasive chordomas could potentially damage the CNs in the foramina, Rathke's cyst and craniopharyngioma (being noninvasive) have less propensity to do so. However, nerve compression could occur. Similarly, intracranial extension of the JNAs could cause compressive lesions. The neurovascular structures that were at risk varied in individual cases depending on the stage of tumor.
emg monitoring
Our results show that free-run EMG monitoring has high specificity and a negative predictive value for detecting CN deficits. This allows the surgeon to feel relatively confident during tumor removal that there is no CN injury if there is no significant EMG activity. However, if a nerve is transected abruptly, there will be only brief or no EMG activity. 12 We also observed that free-run EMG has a lower sensitivity for detecting cranial deficits during EES. Free-run EMG activity is observed secondary to the activation of a CN due to manipulation during tumor dissection, bipolar use, as well as other maneuvers during the surgery.
38,39 Free-run EMG activity has been classified as bursts, spikes, and neurotonic discharges based on the amplitude and frequency of the discharges. 21, 22 It has been observed that manipulation of the CN is the primary reason for bursts and spike discharges with no correlation to nerve injury. 25, 27, 28 In our practice, we use free-run EMG activity as a guide to alert the surgeon to the proximity of the nerve, wherein the surgeon understands the limitations and risks where a positive test indicates that he might be very close to a nerve. Our alarm criteria for significant free-run EMG activity allows for a careful dissection of the tumor, thereby reducing the incidence of neurological deficits.
In our study, the incidence of CN deficits in the group with significant free-run EMG activity was higher when compared with the group without significant activity. This is expected given the relationships between nerve dissection/manipulation and free-run EMG and supports the concept that increased activity can be associated with injury. We also observed that children who had recurrent tumors or underwent staged procedures had a higher likelihood of significant free-run EMG activity, as well as a corresponding increase in the prevalence of CN deficits. Staging is used more often in pediatric cases since blood loss is poorly tolerated in children with bulky or vascular tumors. Recurrent tumors require dissection of the fibrotic areas that are in close proximity to critical structures. There are scar tissues and adhesions from previous surgery, which makes tumor dissection challenging and in turn increases the risk of CN deficit. Neurotonic discharges, which are the highfrequency, high-amplitude discharges observed mostly in facial nerve monitoring, are a precursor of postoperative nerve injury. 21, 25 We did not observe neurotonic discharges uniformly in all instances of CN free-run EMG monitoring. Since we recorded all changes in significant free-run EMG activities, this could have lowered the sensitivity rate during the analysis.
Triggered EMG responses are obtained secondary to electrical stimulation of the CN in the tumor field during dissection, which produces CMAPs with specific laten- cies that identify the CN during a procedure. 27, 29 Triggered EMG can be used as a mapping tool to identify the CNs along their tracts during the procedure. In our series, not all patients received triggered EMG monitoring; the adoption of triggered EMG coincided with increased surgeon experience that facilitated more aggressive resection. We believe adequate mapping of a CN during dissection and obtaining a triggered EMG CMAP response from a proximal site after complete resection provides valuable information regarding the integrity of the nerve. Based on this study and published suggestions, CN free-run EMG and triggered EMG monitoring, especially during staged procedures and for recurrent tumors, might be valuable for reducing morbidity by identifying the nerve during tumor dissection. 11, 12 Communicating free-run EMG activity to the surgeon plays a key role in complex decision making during tumor dissection. The predictability of the increased risk of clinically significant injury by free-run EMG and the lack of deficits in those few cases with documented triggered EMG strongly support the role of these modalities during EES.
We report 9 CN deficits of 321 monitored CNs in children. Four CN deficits were transient and 5 CN deficits were permanent, which were seen in children with JNA and chordoma. Studies on the endoscopic and conventional resection of JNA have reported CN deficits in 0.6% to 15% of patients. 6, 9 Studies show that CN deficits were higher in the conventional resection of JNA, as well in patients who underwent surgery for recurrence (43%). 24 The wide variation in results was secondary to the degree of tumor resection, tumor size, and intracranial extension. 6, 9, 10, 13, 24 Our reported CN deficits of CNs III, V, and VI after JNA resection in children are similar to previously reported series, especially given tumor size and the completeness of the resections. An even wider range in CN deficits after chordoma resection has been reported as 8% to 70%. 28, 30, 40 Since traditional skull base surgery used for resection of JNA and chordomas includes lateral and midline approaches where neurovascular structures are encountered before the tumor, the incidence of postoperative deficits may be higher in those patient groups. In our series with pediatric patients, the use of free-run EMG and triggered EMG contributed to the identification of the CNs during tumor dissection. This may not only improve the ability to preserve the nerves, but also help increase the degree of resection by increasing surgeon confidence in nerve location and involvement relative to the tumor. Free-run EMG and triggered EMG have been shown to be effective in the past. 26, 27, [35] [36] [37] [38] [39] However, a control group was not used during this study, as it is difficult to set up a control group in a pediatric patient population.
SSeP and BaeP
JNAs are vascular tumors whose resection could be complicated by vascular injury and intraoperative hemorrhage that lead to hypovolemia. 13 Chordomas, which are tumors of the clival region, can compress the brainstem, and dissection at this location can lead to changes in BAEPs as observed in our study. Chordoma resections that involve the brainstem had previously reported motor weakness secondary to brainstem infarction. 8, 28, 30 In the series by Brockmeyer et al. involving 55 patients, they reported 2 patients with hemiparesis and 4 patients with permanent CN deficits. 4 In a series involving 26 patients, Teo et al. reported 1 patient with quadriparesis and 12 CN deficits. 34 We observed significant changes in BAEPs, which were reversed with an increase in mean arterial pressure. No patient who underwent EES for resection of pediatric skull base tumors experienced quadriparesis, hemiparesis, or death after the procedure. BAEPs are sensitive to changes in stretch on the auditory nerve, and hypoperfusion along the brainstem lemniscal pathways. BAEP changes can be measured by changes in latency and amplitude of waveforms, though wave V is the most prominent. 31 A larger decrease in brainstem blood flow causes changes in the amplitudes of SSEP and BAEP. 3 Monitoring SSEP and BAEP for tumors in proximity to the brainstem can provide a multimodal approach that protects the brainstem's sensory and auditory pathways since the blood supply to the brainstem consists of single end arteries, and a sudden change in 1 pathway may not be reflective of changes in the other pathway.
SSEP plays a critical role in the resection of tumors with a high risk of ICA injury such as chordomas. 7 In the absence of prior balloon test occlusion, intraoperative SSEP becomes the surrogate for the physiological impact of arterial injury or occlusion. This is illustrated by the case example, whereby the decision to completely occlude the injured ICA both intraoperatively and postoperatively was made based solely on SSEP data. In addition, the stability of intraoperative potentials allowed for the removal of the remainder of tumor, thereby significantly impacting outcome. This is a retrospective analysis of the results, which limits our capacity to collect long-term information and is therefore a limitation. Also, our series includes patients with pituitary adenomas, Rathke's cysts, and CSF leak repairs, which are low risk for carotid artery injury. SSEP monitoring was used in these patients early on during the development of EES as a standard protocol. Our review of a previous large series 40 did indicate that the changes in mean arterial blood pressure and anesthetic protocols did have an effect on SSEP, which were more common during the early part of the procedure. This was attributed to the learning effect of the surgical and neuroanesthesia team. This could have introduced potential selection bias in our study. But, in the current study, we did not find any neurovascular deficits in the patients without monitoring.
Deficits were determined by a chart review. This method has its pros (a relatively inexpensive modality for researching rich, readily accessible, and existing data) and cons (incomplete documentation, unrecorded/unrecoverable documents, and problematic verification of information). The best possible outcome would be obtained by doing a prospective study.
conclusions
IONM can be applied effectively and reliably during pediatric EES. EMG monitoring is specific for detecting CN deficits and can be an effective guide to dissection in these procedures. Triggered EMG can be elicited intraoperatively to check the integrity of the CNs during and after tumor resection. Given the anatomical complexity of pediatric EES and the unique challenges encountered, multimodal IONM can be a valuable adjunct to these procedures.
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